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CHAPTER 1. GENERAL INTRODUCTION 
Foodborne illness of microbial origin is the most serious food safety problem 
in the United States. Foodborne pathogens have been estimated to cause >6 million 
illnesses and approximately 9000 deaths each year (Mead et al., 1999). Bacterial 
pathogens contribute to -60% of the foodbome illnesses that lead to hospitalization 
and account for nearly two-thirds of the estimated number of foodborne pathogen-
related deaths (Mead et al., 1999). Usteria monocytogenes is more often 
associated with ready-to-eat (RTE) products, while Salmonella can be found in all 
varieties of food products. The ability of these pathogens to grow at refrigeration 
temperatures, while most other organisms cannot, causes a serious potential food 
safety hazard. 
Modified atmosphere packaging (MAP) with high levels (>50%) of carbon 
dioxide (C02) has been shown to inhibit foodborne pathogens (Goode et al., 2001 ). 
High levels of carbon dioxide can cause a discoloration of meat surfaces (Viana et 
al., 2005). However, carbon monoxide in the MAP has the ability to produce a 
stable bright-red meat color (Sorheim et al., 1996) and overcome the color 
disadvantages introduced with high concentrations of C02. Carbon monoxide has 
been used in MAP in Norway for the past decade, and until 2004, had taken over 
much of the retail red market (Sebranek and Houser, 2005). In 2002, the FDA 
issued GRAS (Generally Recognized as Safe) Notice No. GRN000083, in which CO, 
as a component used at 0.4% in a modified atmosphere packaging (MAP) system, 
was classified as a GRAS substance (USFDA, 2002). This approval was for a MAP 
2 
system that would.be used for packaging fresh cuts of case-ready muscle meats and 
ground meats in a master pack (Sebranek and Houser, 2005). 
There has been interest in using salts of organic acids such as sodium 
lactate, sodium acetate, and sodium diacetate to inhibit bacterial growth in food 
products. These compounds have shown the ability to inhibit the growth of 
foodbome pathogens. Potassium lactate allows the use of more lactate than would 
normally be achieved with the sodium salt because addition of sodium lactate affects 
the level of sodium and saltiness in the product. While MAP and organic acid salts 
each have been found to inhibit bacteria, little data is available on the effects of high 
levels of C02 (99.5%) and CO (0.05%) in MAP in combination with potassium lactate 
and sodium diacetate in the product. The hypothesis for this thesis is that the 
combination of a high C02 MAP environment combined with organic acid salts will 
enhance the antimicrobial effectiveness of either treatment alone. 
Thesis Organization 
This thesis is organized into four chapters including a general introduction, 
general literature review, a complete manuscript, and general conclusions. The 
manuscript was prepared using the Journal of Food Protection Style Guide. 
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CHAPTER 2. LITERATURE REVIEW 
Safety of meat products 
Foodborne illness is a worldwide problem in developed and developing 
nations alike, and in the United States, it is considered to be greatly under-reported. 
The Centers for Disease Control and Prevention (CDC, 2002) estimates that 
foodbome diseases cause approximately 76 million illnesses, 325,000 
hospitalizations, and 5,000 deaths in the United States each year. The Economic 
Research Service (ERS), a branch of the USDA, estimated in 2000 that medical 
costs, productivity losses, and costs relating to premature deaths from diseases 
caused by five food-borne pathogens totaled $6. 9 billion per year. As the number of 
foodbome illnesses have increased, so has the number of foods involved in 
foodbome illness (Sofos, 2002). 
Microbiology of Meat 
Spoilage organisms and control. The muscles of live animals are considered to 
be sterile before slaughter but can easily be contaminated by microorganisms during 
slaughter or processing. "Microorganisms" includes all small living organisms that 
are not visible to the naked eye and are found everywhere in the environment. The 
primary sources of microbial contamination in meat come from human skin, 
vertebrate animals, fecal material, or contamination during manufacturing (Lambert 
et al., 1991 ). Microorganisms can be broken into categories based on their 
characteristics. These categories are bacteria, viruses, molds, yeasts, and 
protozoa. Bacteria cause the greatest number of food-borne illnesses, and they 
inhabit a variety of different environments. Temperature is the most important 
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environmental factor affecting the growth of bacteria on meat. It is also the most 
commonly used method for killing or controlling microorganisms in the food industry. 
There are five categories of temperature-sensitive microorganisms based on their 
preferred temperature range for growth: 1) Psychrotrophic, which have reproduce in 
chilled storage conditions and are easily destroyed by heat; 2) Psychrophilic, which 
has an optimum growth temperature of 200C; 3) Mesophilic, which are of the 
greatest concern to the food industry because their optimum growth temperature is 
between 200C and 44°C; 4) Thermophilic, which are a concern when packaged 
foods are produced and stored in temperate climates and whose optimum growth 
temperature is 45°C and 60°C, and finally; 5) Thermoduric, which can survive at 
temperatures above 70°C but cannot reproduce at this temperature. Further cross-
contamination of psychrotrophic bacteria occurs during fabrication and processing in 
cold environments (Young et al, 1988). Although some deterioration of meat, such 
as the enzymatic breakdown of tissues, will occur in the absence of microorganisms 
microbial growth is by far the most important factor in relation to maintaining the 
quality of fresh meat (Lambert et al., 1991 ). 
Pathogens. There are more than 250 known food-borne diseases. They can be 
caused by bacteria, viruses, or parasites. Some diseases are caused by toxins 
(poisons) from the disease-causing organism, and others by bodily reactions to the 
organism itself. People infected with food-borne germs may have no symptoms or 
may develop symptoms ranging from mild intestinal discomfort to severe 
dehydration and bloody diarrhea. Food-borne disease is extremely costly; health 
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experts estimate that the yearly cost of all food-borne diseases in this country is five 
to nine billion dollars in direct medical expenses and lost productivity (WHO, 2002). 
Pathogens typical in meat products. Pathogenic bacteria of public concern 
that have been isolated from fresh meat samples are strains of Salmonellae, 
Staphylococcus aureus, Yersinia enterocolitica, Clostridium botulinum, Clostridium 
perfringens, Campylobacter, Aeromonas hydrophila, and Usteria monocytogenes 
(Lambert et al., 1991 ). Infections with the bacteria Salmonella alone are responsible 
for 2 to 4 million cases of salmonellosis in the U.S. annually and account for $1 
billion yearly in direct and indirect medical costs. The Centers for Disease Control 
and Prevention (CDC, 2002) reported that listeriosis accounts for about 2500 cases 
of illness and approximately $200 million in monetary losses in the United States 
annually. The focus of the research described in this thesis will be on Salmonella 
enterica Typhimurium because of its prevalence in fresh meat and on Usteria 
monocytogenes in ready-to-eat meats because of the level of concern for this 
organism. 
Salmonella enterica Typhimurium. Salmonella was first identified over a century 
ago by American veterinarian and bacteriologist, Daniel E. Salmon (Guthrie, 1992). 
Salmonellosis now ranks as the fourth most infectious disease in the United States 
(Anonymous, 1996b ). The predominant species recovered from humans are S. 
enteriditis, $. Typhimurium, S. Newport and S. hiedelberg (Anonymous, 1996a). 
Salmonellae are ubiquitous in the environment and have been recovered from nearly 
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all vertebrates. The incidence of salmonellosis appears to be rising both in the U.S. 
and in other industrialized nations (FDA/CFSAN, 2003). 
Characteristics of the organism. Salmonellae are gram-negative rod-
shaped facultative anaerobes in the family Enterobacteriaceae, which includes other 
genera such as Escherichia, Citrobacter, Proteus, Yersinia, Klebsiella, Shigella, 
Providencia, Serratia, Hafnia, and Erwinia (Ewing, 1986). Most salmonellae are 
motile due to their peritrichous flagella and do not form spores (LeMinor, 1984). The 
simplest way to identify Salmonella is based on the bacteria's metabolic processes 
(LeMinor, 1984 ). Salmonellae can grow aerobically or as facultative anaerobes at 8-
450C, but evidence has also shown that this organism can proliferate in fresh meats 
as low as 2.0°C and on shell eggs at 4.0°C within 6 and 10 days, respectively 
(D'Aoust, 1991). Aerobic conditions are thought to increase the growth rates 
(Guthrie, 1992). An incubation temperature of 37°C is recommended though the 
organism grows optimally at 30°C - 45°C (Ewing, 1986). Salmonella can survive in 
low pH environments such as naturally acidic, acidified, and fermented food 
(D'Aoust, 1989). 
Levels of contamination. Principle sources of these organisms are dust, 
food handlers, pets, insects, rodents, birds, livestock trucks and air (Webeck, 1985). 
There are three main ways Salmonella can enter the food supply to cause illness. 
Animals can harbor Salmonella, making meat, poultry, eggs, and milk the most 
frequently implicated vehicles. Salmonella can also be introduced into the 
environment through manure and litter. This may persist and contaminate fruits and 
vegetables on the farm (FDA/CFSAN, 2003). Finally, cross-contamination in the 
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food service environment or at home, often between raw poultry and ready-to-eat 
(RTE) products (Flowers, 1988) is yet another means by which Salmonella can enter 
the food supply. The most reported symptom of salmonellosis is diarrhea, followed 
by abdominal cramps, fever, nausea, vomiting, chills, and headaches. Those most 
affected by salmonellosis are usually less than 5 years of age (Hook, 1990), or 
elderly (Levine et al., 1991 ). 
Means of control. The control of Salmonella in meat animals and meat 
products presents a formidable challenge because of the complex organization of 
the meat industry and numerous opportunities for product contamination within the 
farm-to-retail field (Yang et al., 1998). The ability of salmonellae to proliferate in 
chill-stored foods emphasizes the importance of adequate refrigeration and the rapid 
turnover of perishable foods. Salt concentrations of ::_2% (w/v) reportedly delay the 
growth of salmonellae (McKay and Peters, 1995). While most salmonellae can be 
killed at temperature >65°C, they are resistant to drying, making it possible for them 
to survive in dust (Guthrie, 1992). 
Listeria monocytogenes. L. monocytogenes is a common organism found in and 
on livestock, as a contaminant on soil-related vegetable crops and as an 
environment contaminant in food processing plants (NACMCF, 1991). Usteria 
monocytogenes is widespread (Fenlon et al., 1996) and difficult to avoid before and 
during packaging (Bedie et al., 2001) due to the frequent contamination of raw 
material and plant environments. Two important aspects of foodborne listeriosis 
include the frequent incidence of L. monocytogenes in raw and cooked ready-to-eat 
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meat products and the ability of the organism to grow at refrigeration temperatures 
(Glass and Doyle, 1989). 
Characteristics of the organism. L. monocytogenes is one of the species 
in the genus Usteria. Other species include L. innocua, L. see/igeri, L. we/shimeri, L. 
ivanovii, and L. grayi. L. monocytogenes is a non-spore forming, gram-positive 
coccobacillus, occasionally occurring in short chains (Coulanges et al., 1996). Four 
peritrichous flagella are present and motility at 20-25 °C, but only one polar flagellum 
is present when the bacterium is grown above 30 °C. L. monocytogenes has at least 
13 serotypes (serovars), three of which (4b, 1/2b, 1/2a) are responsible for more 
than 90% of all human listeriosis ( Gellin and Broome, 1989). 
L. monocytogenes tolerates low temperatures (-0.4°C), while their optimum 
temperature for growth is 30°C - 37 °C. Since most ready-to-eat meat products are 
stored frozen or at refrigeration temperatures, the ability of L. monocytogenes to 
survive and grow at low temperatures provides the opportunity for proliferation in 
contaminated products. The ability of this organism to grow at refrigeration 
temperatures, while competing organisms often cannot, allows for easy survival and 
proliferation (Pearson and Marth, 1989). Any temperature abuse of the food product 
can enhance the growth rate of L. monocytogenes. This survival and proliferation of 
L. monocytogenes at refrigeration temperatures causes a serious food safety hazard 
in ready-to-eat food products, such as deli meats, cheeses, and frankfurters (Glass 
and Doyle, 1989). This bacterium is facultative anaerobic, but its growth is improved 
when incubated with reduced oxygen and 5% to 10% carbon dioxide (C02) (Aureli et 
al, 1992). Growth can occur over a wide, pH range between 3.6 and 9.6. The 
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optimum pH range for growth is 6-8 (Tienungoon et al., 2000). This organism also 
tolerates relatively low water activity (aw) >0.90 (0.936), high salt (>10%) 
concentrations (Amezaga et al., 1995), and addition, it is resistant to freezing and 
drying. 
Levels of contamination. Foodborne listeriosis is rare but severe, and most 
importantly, it has a high mortality rate (ca. 30%), particularly for pregnant women 
and other susceptible groups (Fernandez et al., 1997). Outbreaks of human 
listeriosis have resulted from the consumption of meat products contaminated with 
this pathogen. Outbreaks of listeriosis have been associated with milk (Fleming et 
al., 1985), cheese, vegetables and salads (Schlech et al., 1983) and meat products 
(Jacquet et al., 1995). L. monocytogenes is very difficult to control due to its 
ubiquitous characteristics in the environment in and around food plants and in 
homes, and it is frequently a contaminant of raw food materials, including meat and 
poultry. L. monocytogenes has often been isolated from floors, drains, cleaning 
aids, walls, ceilings, and critical control point areas in food processing facilities 
(Tompkin, 2002). Floor surfaces are particularly difficult to render Usteria-free, and 
this provides a ready reservoir of this pathogen (Gravani, 1999). The organism can 
also adhere to food contact surfaces and form a 'biofilm' or organic coating which 
impedes the effectiveness of sanitation procedures (Eckner, 1990). Some Listeria 
monocytogenes strains may survive in biofilms and ultimately contribute to both 
environmental and RTE contamination (Giovannacci et al., 1999). The 
contamination by L. monocytogenes of cured and non-cured RTE cooked meat is a 
major safety concern for RTE meat products because ( 1) RTE meats have a long 
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shelf-life and are often consumed without further heating; (2) L monocytogenes can 
proliferate to a threatening level during refrigerated storage because of its ability to 
grow in the presence of curing salt at refrigerated temperatures (Lou and Yousef, 
1999); and (3) the emergence of multiple resistance in Usteria spp. (Lemaitre et al., 
1998). 
Means of Control. A "zero tolerance" policy by the USOA-FSIS has been in 
effect with regard to L. monocytogenes in RTE meat products. To effectively control 
L. monocytogenes in RTE foods, the FSIS published a final rule that stipulates three 
alternatives to traditional methods of treatment: 
Alternative 1 - The use of a post-lethality treatment that reduces or 
eliminates microorganisms and a growth inhibitor agent or process that 
suppresses or limits the growth of L monocytogenes 
Alternative 2 - The use either a post-lethality treatment that reduces or 
eliminates microorganisms or a growth inhibitor for L. monocytogenes on RTE 
products. 
Alternative 3 - The use sanitation measures only. 
The most widely used preservation method for meat, i.e. storage at low 
temperature, is not completely effective as a barrier for controlling growth. 
Consequently, it is important to consider different preservation systems in controlling 
L. monocytogenes in ready-to-eat meat products (Qvist et al., 1994). The presence 
of L monocytogenes in cooked meat products is often due to post-heat treatment 
recontamination (Nerbrink et al., 1999). For products that are consumed without 
additional heat treatment, such as sliced meat products, the safety of the product 
can be enhanced by adding substances that behave like hurdles to the growth of L 
11 
monocytogenes (Nerbrink et al., 1999). Additional hurdles in the form of pre- or 
post-packaging technologies may be necessary to control the growth of this 
pathogen and to enhance the safety of these products during storage (Bedie et al., 
2001 ). Such hurdles are, for example, pH-lowering substances, sodium chloride, 
and various organic compounds. The salts of organic acids that are described as 
effective against bacterial growth are, for example, sodium lactate and sodium 
acetate (Wederquist et al., 1994). L. monocytogenes contamination in meat could 
be virtually eliminated during the cooking step of RTE meats processing. As a 
result, L. monocytogenes contamination in RTE meats would be primarily due to 
post-cooking contamination (Zhu et al., 2005). Gravani (1999) has also concluded 
that the current existing technology cannot eliminate L. monocytogenes from the 
cooked product environment of processing plants. In fact, complete elimination of 
the pathogen from the meat-processing environment may be nearly impossible. 
Antimicrobial treatments and agents for meat product 
Antimicrobials are useful additives and play a critical role in preventing 
spoilage and/or poisoning by microorganisms in food products. Selection of the 
proper antimicrobial is dependent upon several factors; including, the antimicrobial 
and chemical properties; the properties and composition of the food product in 
question; the type of preservation system, other chemicals used in the food product; 
the type, characteristics, and number of organisms; the safety of the antimicrobial; 
and the cost effectiveness of the antimicrobial (Branen, 1983). There has been an 
increased interest in the antilisterial activity of various antimicrobials generally-
12 
recognized-as-safe (GRAS) chemical compounds since their commercial application 
is simple and cost-effective compared to other control strategies, such as heat, high 
hydrostatic pressure or irradiation (Barmpalia et al, 2005). The various salts of 
lactic, acetic or other organic acids have demonstrated antimicrobial activity in 
bacteriological media or food products under laboratory conditions (Buncic et al., 
1995; Shelef and Yang, 1991; Shelef and Addala, 1993; Blom et al, 1997; Mbandi 
and Shelef, 2001, 2002; Barmpalia et al., 2005). Antimicrobials can be effective in 
preserving food by either controlling the overall growth of the microorganisms or 
directly destroying all or part of the microorganisms. Generally, the mode of action 
falls into one of three categories: ( 1) the reaction with the cell membrane, causing 
increased permeability and the loss of cellular constituents; (2) the inactivation of 
essential enzymes; and (3) the destruction or functional inactivation of genetic 
material (Davidson and Branen, 1981 ). The type and concentration of 
antimicrobials can affect the inhibition and/or growth of food-borne pathogens 
(Ahamad and Marth, 1989). According to Tompkin (2002), the most widely used 
compounds in foods for control of pathogens include sodium lactate and sodium 
diacetate, used individually or in combination. 
Sodium I potassium lactate. Lactates have been used in the food industry for 
many years and are utilized in the meat industry for flavor enhancement and shelf-
life extension properties (Duxbury, 1988). Sodium lactate was shown to have an 
anti-microbial effect when injected in meat by Papadopoulos et al., ( 1991 ). Lactates 
can provide the right balance between flavor and effectiveness. By adding the 
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appropriate concentration to ready-to-eat meat and poultry products, Usteria 
monocytogenes and Salmonella can be fully controlled (Anon, 2002). Lactates are 
applied in a wide range of cured and uncured meat and poultry products around the 
world and acts as a bacteriostat by increasing the lag or dormant phase of 
microorganisms. Post-processing contamination of RTE meat with L 
monocytogenes during slicing and packaging is difficult to avoid. To ensure the 
microbiological safety of RTE meats, therefore, additional hurdles are needed (Zhu 
et al, 2005). Formulating meat products with antimicrobial additives is a common 
practice for controlling the growth of L. monocytogenes after processing (Glass et 
al., 2002; Mbandi and Shelef 2002; Samelis et al., 2002). Lactates interfere with the 
metabolism of the bacteria, by introducing intercellular acidification, proton transfer 
across the cell membrane and feedback inhibition. In addition to this, lactates also 
lower water activity. This antimicrobial action suppresses growth for extended 
periods of time, ensuring longer shelf-life and increased product safety. Since 
lactates do not kill bacteria, they cannot be used to mask poor sanitation practices. 
Lactates are pH neutral, and they will not change the pH of processed meat or 
poultry products. The buffering effect of lactates helps to maintain the pH of a meat 
product throughout its shelf-life and reduces purge formation. Lactates protect 
against the refrigeration challenges of transportation and retail storage and handling, 
and increase the shelf-life of sliced and prepackaged products (Anon, 2002). For 
case-ready meats, temperature abuse comes in many forms: retailers maintaining 
products out of optimum temperature storage; consumers taking products from the 
meat case and, after changing their purchase decision, leaving them in a non-
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refrigerated section of the retail store; purchasers leaving products in the family 
vehicle for extended time periods in warm weather; and consumers storing products 
in the home refrigerator at warmer than optimal storage temperatures (Anon, 2002). 
Lactates inhibit the growth of L monocytogenes, Staphylococcus, Salmonella and 
Clostridium botulinum, giving them the potential to protect products against 
temperature abuse. Potassium lactate can also be used as an alternative to sodium 
lactate to reduce the sodium levels in processed meat products. Several studies 
have proven that potassium lactate works as effectively on Usteria as sodium 
lactate. 
Sodium diacetate. In 2000, the FDA approved sodium diacetate as a flavoring 
agent in meat and poultry products at concentrations up to 0.25% of the total 
formulation weight which is also the limit approved for the inhibition of the growth of 
L. monocytogenes (FDA, 2000). Sodium diacetate, which contains acetic acid 
(40%),a primary component of vinegar, and sodium acetate, was first proven useful 
in the food industry as a mold inhibitor in baked products, then later in mixed poultry 
feed, ensiled whole kernel com and com silage (Glabe and Maryanski, 1981). 
Sodium diacetate, sometimes referred to as imitation dry vinegar, is a popular 
flavoring agent in seasonings, foods, sauces and ketchups. Processors use 
combinations of lactate and diacetate to allow for lower-use levels of both while 
obtaining a combination of both bactericidal and bacteriostatic actions. Barmpalia et 
al., (2004) reported that the combination of 1.8% sodium lactate with 0.25% sodium 
diacetate provided complete inhibition of L. monocytogenes growth throughout the 
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storage of frankfurters. The use of potassium lactate and sodium diacetate at 
different levels (1.5, 3.3, and 5%) also completely inhibited the growth of L. 
monocytogenes on smoked salmon stored at 4°C during 32 days storage (Yoon et 
al., 2004). 
Packaging Systems. Vacuum-packaging and modified atmosphere packaging 
technologies can extend the shelf-life of many different foods. Products are 
increasingly being packaged under vacuum or modified atmosphere consisting of 
60% to 80% C02 with varying proportions of N2 and/or 02 to prolong shelf-life 
through the inhibition of aerobic spoilage microorganisms (Church and Parsons, 
1995). 
Vacuum packaging. Vacuum-packaging is a common way to prevent 
bacterial growth and to reduce the oxidation reaction with the aim of extending the 
shelf-life of raw meat (Bonilauri et al., 2004). It will extend the shelf-life of fresh meat 
four times longer or more compared to aerobic packaging (Gill and Harrison, 1989). 
The predominant microbial genera found in anaerobic environments that induce 
meat spoilage include the species Brochothrix themosphacta, Carnobacterium, 
Clostridium latamis, Lactobacil/us and Leuconostoc (Farber, 1991 ). These are 
commonly referred to as lactic-acid producing bacteria; because of their acidic odor 
and sour flavor produced as a result of spoilage. 
Modified atmosphere packaging. The main reasons for the MAP of red 
meats for retail sale are to prolong their microbiological shelf-life and to maintain the 
attractive red color of the product (Sorheim et al., 1999). The use of MAP can 
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increase shelf life by 50% - 400% over that of vacuum packaging, which reduces 
economic loss, allows for longer distribution distances, supplies a better quality 
product appearance, and prevents the growth of aerobic spoilage microorganisms 
(Farber, 1991 ). 
Hurdle Effect. Several recent cases of food poisoning linked to meat have 
demonstrated the importance of incorporating safety hurdles in processed meat and 
poultry products. In recent years, the concept of combining several inhibitory factors 
has been developed by Leistner et al., (1995a), into the 'hurdle effect'. It employs 
the intelligent combination of different hurdles or preservation techniques to achieve 
multi-target, mild but reliable preservation effects (Lee, 2004). The most important 
hurdles used are as either 'process' or 'additive' hurdles (table 1 ). 
TABLE 1 . Most important hurdles for food preservation (Leistner, 1995b} 
Parameter Annlication 
High temperature Heating 
Low temperature Chilling, freezing 
Reduced water activity Drying, curing, conserving 
Increased acidity Acid addition or formation 
Reduced redox potential Removal of oxygen or addition of 
ascorbate 
Preservatives Sorbate, sulfite, nitrite 
Competitive flora Microbial fermentations 
Each food product may require a different combination of hurdles, depending 
on a range of factors including the following: (1) the initial microbial load of the 
product requiring preservation, (2) how favorable conditions are within the product 
for microbial growth, or (3) the target shelf-life (Lee, 2004). These hurdles are 
physical, physico-chemical and microbial-derived inhibitors (Table 2). For RTE meat 
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products, the most frequently applied hurdles include thermal processing, vacuum-
packaging, and competitive microorganisms (Zhu et al, 2005). A synergistic effect 
could be achieved if the hurdles affect different targets at the same time to disturb 
the homeostasis of the microorganisms present in foods (Leistner, 2000). 
TABLE 2. Examples of hurdles used to preserve foods (Ohlsson and Hengtsson, 
2002) 
Tvoe of hurdle Examoles 
Physical hurdles Aseptic packaging, electromagnetic energy (microwave, radio 
frequency, pulsed magnetic fields, high electric fields), high 
temperatures ( blanching, pasteurization, sterilization, 
evaporation, extrusion, baking, frying), ionic radiation, low 
temperature (chilling, freezing), modified atmospheres, 
packaging films (including active packaging, edible coatings), 
photodynamic inactivation, ultra-high pressures, 
ultrasonication, ultraviolet radiation 
Physico-chemical Carbon dioxide, ethanol, lactic acid, lactoperoxidase, low pH, 
hurdles low redox potential, low water activity, Maillard reaction 
products, organic acids, oxygen, ozone, phenols, phosphates, 
salt, smoking, sodium nitrite/nitrate, sodium or potassium 
sulphite, spices and herbs, surface treatment agents 
Microbially-derived Antibiotics, bacteriocins, competitive flora, protective cultures 
hurdles 
Meat Quality Factors. 
Meat quality is affected by multiple characteristics. The first characteristic is 
its attractiveness in the retail market. Attractiveness is affected by color and water-
holding capacity; these two factors influence the consumer in selecting meat for 
purchase. After purchasing the product, the eating characteristics of tenderness and 
flavor will influence the consumer to purchase the product again. 
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Fresh meat color. Color is the first quality characteristic evaluated by 
consumers to distinguish between acceptable and unacceptable products (Xiong, 
1999) and determines whether a meat cut is likely to be purchased (Kropf, 1980). 
Often the consumer will use color as an indicator of the flavor, juiciness, tenderness 
and freshness of the retail cut (Calkins-et al., 1986). Variation in meat color occurs 
because of several intrinsic and extrinsic factors. The intrinsic content of the heme 
pigments (myoglobin and hemoglobin) and extrinsic factors such as pH, heme 
ligands, and temperature are sources for color variation. Other outside influences, 
such as oxygen availability, type of lighting, microbial growth, and method of 
packaging are also important determinants in the rate of discoloration (Renerre and 
Labadie, 1993). 
Carboxymyoglobin 
Cherry red 
+CO 
Deoxymyoglobin ________ +_0-=2'------- Oxymyoglobin 
Purple/red Bright red 
oxidation (lose e-) 
reduction (gain e-) 
Metmyoglobin 
Brown/gray 
oxidation (lose e-) 
Figure 1. Various chemical states of myoglobin 
19 
The changing state of myoglobin (oxygenated or oxidized) within fresh meat 
will induce variation in meat color throughout storage (Honikel, 1998). Myoglobin is 
responsible for supplying oxygen to muscle tissue. The content and relative state of 
myoglobin is mainly responsible for meat color (Renerre and Labadie, 1993). Figure 
1 demonstrates the different chemical stages of myoglobin. This pigment can be 
found in various forms in fresh meat: deoxymyoglobin, oxymyoglobin, metmyoglobin 
which are common in fresh meat, and carboxymyoglobin, which is not typical in fresh 
meat. In the absence of oxygen; myoglobin is in a reduced form called 
deoxymyoglobin which is purple-red. This purple-red color is found on the inside of 
intact muscles and under vacuum packaged conditions (Renerre and Labadie, 
1993). The oxygenated form of myoglobin is oxymyoglobin which results in a bright 
red pigment. The bright, cherry-red appearance of beef cuts is due to the higher 
myoglobin content in beef compared to pork and poultry species which are paler 
cuts (Millar et al., 1994). Metmyoglobin is the oxidized form of myoglobin which 
gives a dull, brown color to fresh meat products. Metmyoglobin is the pigment that is 
commonly responsible for consumer rejection due to its association with aged meat 
(Young et al., 1998). The relative proportion of these three forms of the pigment 
near the surface of the meat determines the overall color of the meat under most 
conditions (Govindarajan et al, 1977). The fourth form of meat pigment in figure 1 is 
carboxymyoglobin, a bright red pigment that is formed when CO comes into contact 
with myoglobin. This is not typically a meat pigment, but it is associated with 
modified atmosphere packages flushed with carbon monoxide. Carboxymyoglobin 
color is nearly identical to that of oxymyoglobin and is more resistant to oxidation 
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than oxymyoglobin. Low levels of CO are useful in modified atmosphere packaging 
to maintain the stable, cherry-red color of fresh meat. Use of carbon monoxide will 
overcome many of the conditions that result in discoloration of fresh meat. 
The combination of heat and low pH will enhance myoglobin oxidation, 
resulting in paler colored meat (Renerre and Labadie, 1993). Oxidation of 
myoglobin also increases as pH decreases. Meat with a low ultimate pH will have 
more potential for metmyoglobin formation during storage than meat at higher pH 
values (Renerre and Labadie, 1993) and consequently more discoloration. 
However, a low ultimate pH of around 5.5 can have some positive effects on meat. 
The low pH prevents or inhibits microbial growth and the lactic acid/lactate may give 
the meat a positive flavor component (Honikel, 1998). Discoloration of meat is also 
temperature dependent. A rise in temperature from 0°C to 10°C will result in a two-
fold increase in the oxidation of myoglobin (Renerre and Labadie, 1993). 
Cured Meat Color. For thousands of years, the human population has been eating 
meat preserved with sodium chloride (NaCl). Early preservers of meat observed 
that, in addition to the preservation action of salt, a pink color formed in some of the 
finished products. Sodium/potassium nitrate was discovered as an impurity in the 
crude sodium chloride used in the preservative mixture. The nitrate was converted 
naturally by bacteria to nitrite and nitric oxide, which reacts with the fresh meat, and 
then Haldane ( 1901 ) demonstrated the formation of nitrosohemoglobin by the 
addition of nitrite to hemoglobin. Kerr et al. (1926) discovered the microbial action 
which converted nitrate into nitrite in meat which then enabled the direct addition of 
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nitrite into meat for cured meat color. This eliminated the need for microbial 
conversion and made the curing process more controllable and predictable. 
Nitrite. Nitrite performs four main functions in cured meats. It is responsible 
for the development of cured meat color through its reduction to nitric oxide and its 
reaction with the meat pigment myoglobin (Fox, 1966). It has also been shown to 
contribute to the development of cured flavor in some processed products (Simon et 
al., 1973). The concentrations of nitrite used for curing are important for the 
development of cured flavor (Hadden et al., 1975). Nitrite inhibits the germination, 
outgrowth and toxin production of Clostridium botulinum (Hustad et al., 1973). In 
addition, nitrite retards rancidity in cured products by minimizing the oxidation of 
unsaturated lipids (Cross and Zeigler, 1965). Nitrite inhibits lipid oxidation by 
stabilizing lipid membranes, chelating free iron, and stabilizing the iron heme 
complex. Despite the contributions of nitrite to cured product characteristics, the use 
of this curing salt has been questioned because of potential health hazards arising 
from carcinogenic nitrosamines (Sebranek et al., 1977). The possibility of 
nitrosamines occurring in cured meat has been shown to be slight (Fazio et al., 
1971 ), yet the concern remains, and as a result, the USDA has greater limitations on 
the use of nitrite. For example, in most cured meats, 200 ppm is the maximum 
allowed level in finished product, but in injected bacon, where nitrosamine concern 
has been the greatest, the maximum allowable amount of nitrite is 120 ppm. 
Reductants/accelerators. Cure accelerators, ascorbate and erythorbate 
have been shown to inhibit nitrosation reactions and thus help to reduce the 
potential for nitrosamines in cured meat (Mirvish et al., 1972). Ascorbate and 
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erythorbate also accelerate the development of cured color (Fox, 1966), improve 
color retention (Sebranek and Knipe, 1985), and drastically decrease the residual 
nitrite content (Brown et al., 1974). These reductants compete for the nitrite, 
thereby making it less available for reaction with secondary amines (Gray and 
Dugan, 1975). Ascorbates have the ability to regenerate a-tocopherol, which can 
scavenge free radicals. The maximum allowable level (550 ppm) of sodium 
erythorbate is generally used to reduce nitrite concentrations, and thus residual 
nitrite in the product, while still maintaining desirable cured meat characteristics. 
Ascorbate concentrations higher than 550 parts-per-million could negatively affect 
nitrite efficacy in inhibiting C/ostridium botulinum (Bowen et al., 1974). Erythorbate 
effectively increases cured color development and stability by increasing nitric oxide 
heme pigments and other compounds, and therefore, results in lower residual nitrite 
in the product (DeFreitas et al., 1988). Injected bacon is required to contain 550 
ppm to prevent the formation of nitrosamines in bacon cured with nitrites. As a 
result, the level of ingoing nitrite is reduced while sufficient levels of nitrite are 
maintained to protect the consumer against the real hazard of botulinal poisoning 
(Townsend and Olson, 1987). 
Measurements of Color. The reflectance measurement of meat color has 
three necessary components. A source of light must be present along with an 
illuminated meat sample. A detector such as the eye and brain of a human or some 
type of instrument is also needed to quantify color (AMSA, 1991 ). One of the most 
common instrumental measurements of color is the three dimensional Hunter color 
scale. Through this scale, L *, a*, and b* values are used to accurately depict the 
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color of meat. L* values measure the lightness from zero (black) to one hundred 
(white). a* values measure redness (positive values) to greenness (negative values) 
in meat. b* values measure yellowness (positive values) to blueness (negative 
values) (AMSA, 1991 ). Color can also be measured by sensory panels (visual 
appraisal). This technique is more difficult because of individual perceptions and the 
biases that occur. 
Lipid Oxidation. Oxidation of fatty acids is given the term lipid oxidation or 
oxidative rancidity. Lipid oxidation is one of the main factors limiting the quality and 
acceptability of meats and meat products (Morrissey et al., 1998). This process 
leads to discoloration, drip loss, off-odor and off-flavor development, and the 
production of potentially toxic compounds (Morrissey et al., 1994). Rancid flavor 
reduces repeat buying by consumers and must be managed during all stages of the 
meat production chain (Morrissey et al., 1998). 
Lipid oxidation mechanisms in meat. There are several factors that aid the 
beginning of the oxidation process; typically, they are heat, freezing, water 
availability, light, and some enzymes (McMillin, 1996). Oxidation is a chain reaction; 
polyunsaturated fatty acid radicals catalyze further reactions. There are three 
sequential steps involved in lipid oxidation. Initiation is the step that produces the 
free radicals (R•) that are extremely reactive and begin the oxidative reaction chain. 
RH + 02 ~ R• + OH• 
Propagation is the perpetual production of free radicals by reacting with 
molecules to produce more free radicals. 
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R• + 02- R02• 
R02• + RH - R02H + R• 
Termination is the reaction of the free radicals with antioxidants that do not 
continue the production of free radicals (Gray, 1978). 
R• + R• - RR 
R• + R02 - R02R 
R02• + R02• - R02R + 02 
Measurements of oxidation. Measuring the current quality of a fat or oil 
related to lipid oxidation can be achieved using such procedures as peroxide value, 
hexanal, and thiobarbituric acid (TBA) test. 
Peroxide value is defined as the milliequivalents (mEq) of peroxide per 
kilogram of sample. The compounds reacting under the conditions of the test are 
peroxides or similar products of lipid oxidation. Peroxide value is a measurement of 
the hydroperoxide concentration in the sample. A disadvantage of this method is the 
5-g fat or oil sample size required; this is difficult to obtain from foods low in fat. The 
procedure is also time-consuming which increases variation. 
Hexanal present in fats and oils are related to flavor, quality, and oxidative 
stability. These compounds include the secondary products of lipid oxidation that 
can be responsible for the off flavors and odors of oxidized fats and oils. 
The thiobarbituric acid (TBA) test measures a secondary product of lipid 
oxidation, malonaldehyde. It involves a reaction of malonaldehyde with TBA to yield 
a colored compound that is measured spectrophotometrically. The TBA test was 
developed by Tarladgis et al., (1960) and measures the mg of malonaldehyde per 
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1 OOOg of product in the test sample. Lipid oxidation in meat systems is most 
commonly measured using the 2-thiobarbituric acid (TBA) test. The threshold range 
of 0.5 to 1.0 has been reported for detection of off-odor in fresh ground pork ham 
(Tarladgis et al., 1960). This measurement has been modified by Zipser and Watts 
(1962) for the testing of cured meats. 
Purge. Fresh meat is composed of approximately seventy-five percent water (Offer 
and Trinick, 1983). Exudation from meat is unattractive and results in economic 
losses for meat processors. Drip loss, which is considered to be unattractive by 
consumers, which is red in appearance due to the high myoglobin content within the 
water (Offer and Knight, 1988). Furthermore, purge can provide a medium for 
microbial growth (Sorheim et al., 1996). Meat that is unable to hold its own inherent 
moisture will not be able to absorb extra water and will lose more moisture during 
further processing and cooking. 
Factors affecting purge. Temperature and pH decline affect water-holding 
capacity development postmortem. C02 in package atmospheres can lower the pH 
of meat, even though meat is a relatively strong buffer system (Sorheim et al., 2004). 
Honikel et al., (1981) reported that C02 exposure to meat reduced the pH, which 
negatively affects the cooking yield. These results were verified by Sorheim et al., 
(2004), who reported that ground beef stored in atmospheres containing 20% -
100% C02 had higher cooking losses compared to meat stored in 100% N2 and 
vacuum. These authors also concluded that the increase of cooking losses was 
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from a pH decrease of the raw meat and the formation of small pores and 
microstructual change upon heating, due to C02 exposure. 
Measurements. The methods of measuring purge are filter paper press, drip 
loss in a bag, and the centrifuge method. Filter paper press is achieved by placing 
the sample on dried filter paper, which is submitted to pressure between two plates, 
and the then measuring the "water ring". The ratio of water ring to meat ring is a 
relative measure of purge. The centrifuge method is achieved by centrifuging the 
sample by placing pressure on the product and then measuring the separated water. 
Purge measured by drip loss in a bag is achieved by first measuring the weight of 
the unopened package. The package is then opened, and the product and 
packaging material are blotted dry with paper towels and reweighed to determine 
weight loss. The weight difference is calculated as purge and expressed as a 
percentage of the unpacked product weight (Bloukas et al., 1997). 
Control of meat quality 
Appearance and color are important quality traits of fresh meat that influences 
the consumer's choice between purchasing and not purchasing, a piece of meat 
(Risvik, 1994). The color stability of meats has been an important research area in 
meat quality assessment and improvement for many years. The three sensory 
properties by which consumers most readily judge meat quality are appearance, 
texture and flavor (Liu et al., 1995). Markets still prefer truly fresh, red meat and 
consumers will often pay a premium for this freshness. This highlights the need for 
packaging systems that enhance the storage stability of chilled meat (Buys, 1994). 
27 
Manufacturers of cooked meat products select packaging for two major 
reasons: preservation of product quality (appearance, flavor, odor, and texture) and 
inhibition of microbial growth. The food industry has developed different packaging 
technologies trying to extend the shelf life of cooked perishable products; the most 
common are vacuum and modified atmosphere packaging. 
Packaging effects on quality. Shelf life is the time required for a food to become 
unacceptable from a sensory, nutritional, microbiological, or safety perspective 
(Tewari, 2002). Food preservation techniques are further aided by packaging 
systems to prolong the shelf-life and quality of fresh and ready-to-eat meat. 
Vacuum packaging. Vacuum packaging can be defined as the evacuation of 
air from a package that is then sealed to maintain an anaerobic environment. 
Vacuum packaging provides a controlled barrier with limited permeability to both 
moisture and oxygen, and shields the product from contamination and evaporative 
losses (Ahn and Stiles, 1990). A good vacuum-package should contain <1 % oxygen 
and concentration of around 20% carbon dioxide, which, in the case of fresh meat, is 
produced after packaging from microbial and tissue respiration (Lambert, 1991 ). 
Vacuum packaging of fresh meat usually results in a negative consumer 
reaction because of the purple color of the meat (Young, 1988). Removing oxygen 
from the package causes the color to appear purple-red, due to deoxymyoglobin, 
and if a small amount of oxygen is left in the package, then the color slowly changes 
into a grayish-brown metmyoglobin state. Although vacuum packaging does affect 
product color, there is little further deterioration of quality (Renerre, 1990). When 
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vacuum-packaged meat is exposed to atmospheric oxygen, it quickly blooms and 
turns to a desirable bright red color. High pressure resulting from vacuum packaging 
can cause deformation of the meat cut. There is also the risk of package breakage 
or leaking when vacuum-packaging products with bones (Gill and Jones, 1996) if 
bone edges puncture the package film. Purge in the package presents an 
unattractive appearance and economic loss in sale-able weight (Hall et al., 1980). 
Modified atmosphere packaging. Modified atmosphere packaging (MAP) is 
defined as 'the packaging of a perishable product in an atmosphere which has been 
modified so that its composition is other than that of air' (Hintlian & Hotchkiss, 1986). 
It is a change in the gaseous atmosphere surrounding the product, still allowing 
respiration to occur and naturally altering the package environment (Brody, 1989). 
The most common gases used in MAP are oxygen, nitrogen, and carbon dioxide 
(Church, 1994). The United States Food and Drug Administration (FDA) and the 
United States Department of Agriculture (USDA) recently have approved carbon 
monoxide as a component used at 0.4% in a modified atmosphere packaging 
system (USFDA, 2002). The choice of gas is highly dependent upon the food 
product being packaged. Gases usually consist of carbon dioxide for inhibiting 
microbiological growth, oxygen for enhancing color and occasionally, nitrogen as 
filler (Sorheim et al., 1999). Cooked products are normally MAP-packed using a 
combination of 70% - 80% nitrogen and 20% - 30% carbon dioxide. 
Carbon Monoxide. The FDA approved carbon monoxide in 2002 in a MAP 
system for packaging fresh cuts of case-ready muscle meats and ground meats in a 
master pack (Sebranek and Houser, 2005). In 2004, carbon monoxide was 
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approved for case-ready packages. Concentrations in both cases were limited to 
0.4%. Carbon monoxide is a tasteless, colorless, and odorless gas used in the meat 
industry for color development in fresh meat products. The main function of using 
carbon monoxide in meat packaging is to create a stable, bright red color by virtue of 
the strong binding of carbon monoxide to the heme pigments myoglobin and 
hemoglobin through the formation of carboxymyoglobin and carboxyhemoglobin 
(S0rheim et al., 1995). The color of carboxymyoglobin is similar to the color of fresh, 
"bloomed" meat that has just been exposed to air with oxygen to form oxymyoglobin. 
Carboxymyoglobin is much more stable against oxidative discoloration and retain 
red color for several weeks. However, carbon monoxide concentrations (<1 % ) will 
have little effect on bacterial growth. Atmospheres of 30% or more carbon monoxide 
are reported to slow the growth of some microorganisms (Gee and Brown, 1981). It 
appears that carbon monoxide alone, at the concentrations most commonly used for 
red meat (0.5% or less), will not inhibit the growth of microorganisms. Higher 
concentrations of carbon monoxide, however, even on a short term basis, may 
indirectly help extend microbial shelf life (Sebranek and Houser, 2005). The 
principal microbiological advantage to the use of carbon monoxide is that a higher 
concentration of carbon dioxide can be included with significantly greater bacterial 
inhibition as a result (Blickstad and Molin, 1983). Carbon monoxide can delay the 
oxidation of meat pigment (Besser and Kramer, 1972) and the formation of carbon 
monoxide-myoglobin has been shown to result in a rapid depletion of oxidized 
metmyoglobin from meat (Wolfe et al., 1976). The elimination of oxygen is a major 
antioxidant contribution of carbon monoxide through the suppression of enzyme-
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catalyzed oxidative reactions that may provide an additional antioxidant impact in 
red meat products (Sebranek and Houser, 2005). The use of carbon monoxide in 
meat packaging can be divided into five main categories stated by Sorheim et al., 
(2004): 
1.) packaging and retail display in gas mixtures with low CO concentrations, 
0.1 % - 2.0%, mainly for color purposes; 
2.) packaging and display in gas mixtures with high CO concentrations, 5% -
100% both for color and anti microbiological purposes; 
3.) pre-treatment in gas mixtures with 0.4% CO in combination with 02 
scavengers, followed by 02-permeable wrapping and display without the 
modified atmosphere for improving color and microbiological shelf life 
during the pre-treatment phase; 
4.) pre-treatment in 0.1% - 100% CO, followed by vacuum or anaerobic 
packaging and display, for increasing color and microbiological stability; 
5.) pre-treatment with purified smoke containing 15% - 30% CO, so far 
mainly used for heme-containing fish, but also for meat, for both color and 
antimicrobiological causes. 
The USDA has four potential applications of CO atmospheres for red meat 
currently listed on the "Safe and Suitable Ingredients Used in the Production of Meat 
and Poultry Productsn (USDA, 2004). Two of these describe the use of an 
atmosphere of carbon monoxide (0.4%), carbon dioxide (30%) and nitrogen (69.6%) 
as part of the Cryovac and Pactiv modified atmosphere packaging systems for case-
ready muscle meat and ground meat. The third application is the use of 0.4% 
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carbon monoxide with a "high oxygen" modified atmosphere package for case-ready 
products and the fourth application is also the use of 0.4% carbon monoxide as part 
of a master-package MAP system which is part of the Cargill's packaging system. 
The use of carbon monoxide in MAP systems is in limited use because approval in 
the United States has been very recent and commercial use of CO packaging 
technology for red meat is just beginning (Sebranek and Houser, 2005). 
Carbon Dioxide. Carbon dioxide is a colorless gas with a slight odor at very 
high concentrations. Carbon dioxide is both water- and lipid-soluble and is the main 
gas responsible for the antibacterial effect seen in MAP (Church, 1994). When 
dissolved in water, carbon dioxide produces carbonic acid which increases the 
acidity of the solution and reduces pH. Carbon dioxide is primarily used for its ability 
to increase the shelf life of refrigerated food products, and inhibit pathogenic 
microorganisms (Gialunas, 2003). Carbon dioxide increases the shelf life of foods 
by inhibiting bacterial growth and is widely used for extending the shelf life of meat 
(Gill and Jones, 1996). The effect on bacteria is an increase in both the lag phase 
and the generation time of microorganisms (Daniels et al., 1984). Some theories for 
the mechanism of inhibition include changing nutrient uptake and the absorption of 
the cell membrane, decreasing enzyme activity, causing an intracellular pH change 
by invading the cell membrane, and changing the properties of the proteins in foods 
(Farber, 1991). At lower temperatures, the solubility of carbon dioxide is higher, 
which increases the effectiveness of bacterial inhibition (Brody, 1989). Jakobsen 
and Bertelsen, (2004) reported that at temperatures above 2°C the solubility of C02 
increases with increases in fat content and below 2°C the solubility decreases with 
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increasing fat content. Atmospheres containing large amounts of carbon dioxide, 
greater than 50%, have been shown to decrease the growth rate of L. 
monocytogenes as compared to growth of this pathogen in aerobic or anaerobic 
atmospheres (Goode et al., 2001 ). It is important to note that the time of application 
of carbon dioxide relative to the stage of microbial growth is very important to 
effectiveness (Gill and Tan, 1980). High levels of C02 are reported to be an 
important bacteriostatic agent that can extend the shelf life of meats packaged under 
modified atmosphere conditions (Devlieghere et al., 1998; Farber, 1991; Labadie, 
1999). Results by Viana et al., (2005) support that 100% or 99% C02 and 100% CO 
slowed the growth of Pseudomonas growth when compared 100% 0 2 at 4°C 
storage. Low temperature is very important and a lack of refrigeration at any time 
during storage allows pathogens, which are not susceptible to carbon dioxide, to 
grow and possibly cause food-borne illness (Hintlian and Hotchkiss, 1986). Colder 
storage temperature and low initial microbiological counts increased the 
effectiveness of carbon dioxide (Clark et al., 1976). Jeremiah and Gibson (1997) 
reported that pork packaged with 100% C02 had greater color stability for 15 weeks 
compared to vacuum packaged treatments color which did not exceed 12 weeks 
when stored at 1.5°C. Sorheim et al., (1997) reported that PSE and normal pork 
were equally susceptible to discoloration after exposure to C02. However, Gill and 
Jones ( 1996) and Luno et al., ( 1998) reported that a major disadvantage of high C02 
concentrations in meat MAP is associated with a certain degree of darkening as a 
result of metmyoglobin formation especially when low C02 concentrations are 
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present. Viana et al., (2005) also verified that loins packaged in 100% C02 showed 
noticeable discoloration. 
Oxygen. Oxygen is a colorless, odorless gas that is highly reactive and 
supports combustion. Oxygen promotes several types of deteriorative reactions in 
foods including fat oxidation, browning reactions, and pigment oxidation (Mullan and 
McDowell, 2003). Foods packaged in oxygen generally show stimulated aerobic 
bacterial growth and inhibited anaerobic bacterial growth. Oxygen is commonly 
used in MAP to maintain myoglobin in its oxygenated form, which creates the typical 
red color of fresh meat (Brody, 1989). 
Nitrogen. Nitrogen is an inert tasteless gas with low solubility in both water 
and lipid tissue. Nitrogen in MAP is primary used to replace oxygen, which will delay 
oxidative rancidity and provide the inhibition of some aerobic microorganisms 
(Farber, 1991 ). Nitrogen influences neither the color nor the bacterial flora on the 
meat (Church, 1994). The low solubility of nitrogen in foods can be used to prevent 
package collapse due to carbon dioxide absorption by meat in the package. 
Although there are benefits to MAP, there can also be disadvantages 
associated with this type of packaging. MAP can be more expensive than vacuum 
packaging or packaging with air. Also, different formulations of gases are needed 
for different products, strict temperature controls are mandatory, and additional 
equipment is necessary for its use (Farber, 1991 ). An increased risk of foodbome 
illness by anaerobic or facultative anaerobic organisms may also occur. A concern 
regarding carbon monoxide MAP packaging is that the bright red color from carbon 
monoxide in meat can extend beyond the point of microbial spoilage (S0rheim et al., 
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1999). Carbon monoxide has the ability to mask poor microbiological conditions by 
the formation of a stable, bright red color (Kropf, 1980). However, off-odors can still 
be used as an indicator of spoiled products stored in atmospheres containing carbon 
monoxide (S0rheim, 2004). In high carbon dioxide atmospheres, one disadvantage 
is that low levels of residual oxygen can lead to the formation of metmyoglobin and 
discoloration of the meat (Cornforth, 1994). 
Microbiological inhibitors. Traditional barriers used in food preservation that 
inactivate or inhibit microbial pathogens include: heat, irradiation, low temperatures, 
natural fermentation, or direct acidification, reduced water activity, modified 
atmospheres, and the use of chemical antimicrobial agents (Leistner, 1995). Certain 
chemical compounds may be added to foods to inhibit the growth of, or kill, 
microorganisms. These chemicals are food additives that may be termed "food 
preservatives" or, more precisely, "food antimicrobials". The purpose of food 
antimicrobials is to extend shelf life by inhibiting spoilage microorganisms or 
improving food safety by inhibiting pathogens (Davidson, 2002). Sodium or 
potassium lactate and sodium diacetate are currently included as ingredients in meat 
products for the control of pathogen contamination during storage (Barmpalia et al, 
2005). 
Sodium I potassium lactate. Papadopoulos et al., ( 1991) reported that the 
injection of sodium lactate to cooked, vacuum-packaged beef top rounds resulted in 
higher cooking yields and a darker, redder color with less gray surface area. Fresh 
beef flavor was also enhanced by the addition of sodium lactate. Lamkey et al., 
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(1991) showed that sodium lactate added to fresh pork sausage did not affect lean 
color but resulted in more rapid surface discoloration. Zhu et al., (2005) reported 
that adding 2% sodium lactate to turkey breast lowered a* and b* color values. 
Cegielska-Radziejewska and Pikul (2004) reported that the use of sodium lactate 
has the ability to inhibit the formation of malonaldehyde in sliced poultry sausage 
during refrigerated storage. With potassium lactate, it is possible to realize the 
benefits of lactate without increasing the sodium level of the product. It also allows 
addition of more lactate to processed meat products without resulting in a metallic 
flavor. More lactate means a longer shelf life and an increased safety hurdle for 
pathogenic bacteria. Due to its label friendliness, more and more people in the 
industry are using potassium lactate. Potassium lactate of 2% had no effect on 
quality and sensory properties of low-fat pork sausage or lean color during 
refrigerated aerobic storage (Bradford et al., 1993). 
Sodium diacetate. While sodium diacetate is often used as a primary flavor 
ingredient, it is also commonly employed to help enhance the flavor and aroma of 
other ingredients in the recipe, and as a method to stabilize the color, flavor and 
texture of food. It has the potential for unwanted flavor and odor contributions in 
meat products which put limitations on the quantities to be used. Current literature 
suggests that high concentration of sodium diacetate has a negative effect on the 
flavor of ham products (Skelenburg and Kant-Muermans, 2001) while at lower 
concentrations (.~0.1 %), it does not influence the quality of meat products (Zhu et al., 
2005). Results reported by Jensen et al., (2003) indicate that lactate/diacetate-
enhanced pork chops maintained higher a* and b* values during display and had 
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less visual discoloration after 96 hours of display. These chops were also more 
tender and juicy and had more pork flavor than the controls. 
Summary 
Carbon dioxide as a component of MAP systems is well-recognized for its 
antimicrobial effects against many food spoilage organisms due to the extension of 
the lag phase of microbial growth. The recent approval of carbon monoxide for MAP 
of fresh meats in the United States means that greater levels of carbon dioxide may 
be used without product discoloration. This might result in greater inhibition of 
spoilage and pathogenic microorganisms. Formulating meat products with 
antimicrobial additives is an additional approach to suppress the growth of 
pathogens during storage. The effectiveness of lactate and diacetate for microbial 
control in meat products when added as sodium or potassium salts has found 
widespread application for fresh and ready-to-eat (RTE) meat products. However, 
antimicrobials cannot destroy the pathogens that exist in fresh and RTE meat 
products. Combining several intervention technologies such as high levels of carbon 
dioxide and antimicrobials is a promising technology to improve the safety of pork 
products against pathogens without sacrificing the quality of fresh and RTE meats. 
The hypothesis for this study is that high concentrations of carbon dioxide in 
MAP coupled with lactate and diacetate addition to the products will result in a 
increased hurdle effect to achieve improved control of food-borne pathogens. 
Therefore, the objectives of this study were; to determine the effectiveness of 
combining inhibitory ingredients (lactate and diacetate) with a high carbon dioxide 
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atmosphere in MAP for reduction of initial pathogen numbers on fresh and RTE pork 
products, to assess long term effects of these conditions on growth of pathogens, 
and to monitor the quality changes of fresh pork and RTE pork products packaged in 
a high carbon dioxide-MAP system. 
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CHAPTER 3. MICROBIAL INHIBITORS COMBINED WITH MODIFIED 
ATMOSPHERE PACKAGING FOR CONTROL OF LISTERIA 
MONOCYTOGENES AND SALMONELLA ENTER/CA TYPHIMURIUM 
AND SUBSEQUENT EFFECTS ON THE QUALITY ATTRIBUTES OF 
PORK PRODUCTS 
A paper to be submitted to the Journal of Food Protection 
AR. Michaelsen, J.G. Sebranek 
Abstract 
The study was designed to determine the effects of modified atmosphere 
packaging alone and in combination with potassium lactate and sodium diacetate for 
inhibitory effects on selected pathogens common to meat products. Effects of the 
treatments on product quality were also assessed. Fresh pork chops (injected with 
potassium lactate and sodium diacetate (PLSD) or untreated) were inoculated with 
Salmonella enterica Typhimurium, and sliced ham (injected with PLSD or untreated) 
was inoculated with Listeria monocytogenes. The samples were packaged in 
vacuum (VP) or a modified atmosphere package (MAP) containing high levels 
(99.5%-100%) of carbon dioxide. Pathogen recoveries were enumerated 
periodically during storage at 4°C and 1 OOC. Storage of pork chops at 4°C 
effectively slowed the growth of S. enterica Typhimurium in all treatments. However, 
there was little difference between treatments or treatment combinations. L. 
monocytogenes growth on ham slices at 4°C was inhibited for up to 28 days by all of 
the treatments, while after 28 days, the VP/PLSD treatment showed a greater 
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inhibitory effect than other treatments. Addition of antimicrobials and MAP 
treatments for pork chops and ham slices stored at 10°C each effectively inhibited 
the growth of both pathogens for the entire storage period when compared to 
controls (VP). However, the combination of MAP with antimicrobials at 10°C was not 
different from either of the two treatments alone. Therefore, the high carbon dioxide 
atmosphere in MAP did not increase the effectiveness of potassium lactate and 
sodium diacetate for inhibition of these pathogens in this study. 
Key Words: ham, pork chop, modified atmosphere, lactate, diacetate 
Introduction 
Consumption of pork products is recognized as one of the major sources for 
human salmonellosis, but the actual number of human cases of salmonellosis is 
difficult to assess accurately, even in developed countries (Lo Fo Wong et al., 2002). 
The predominant Salmonella serotypes in the USA identified by the Centers for 
Disease Control were S. enterica Typhimurium, S. enteritidis, S. newport, S. 
heidelberg and S. tjaviana (CDC, 2002). The emergence of multi-drug-resistant S. 
Typhimurium makes the outbreak of this human pathogen even more dangerous 
(Glynn et al., 1998). Resistance to antibiotics is reported to be high and rising for 
Salmonella in certain countries (Kruse and Sorum, 1994). 
Foodborne listeriosis, caused by Listeria monocytogenes, is also a major 
concern for the food industry and the general public because of its high mortality rate 
(> 25%) and economic impact (Weiss et al., 1993). L monocytogenes is recognized 
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as a major pathogen of concern in ready-to-eat (RTE) foods, especially RTE meat 
products (Singh et al., 2005). Products such as frankfurters, sliced ham steaks, and 
luncheon meats have been reported to be contaminated and have been recalled due 
to L. monocytogenes (USDA-FSIS, 1998). Although L. monocytogenes can be 
destroyed if heated to 45°C, cross-contamination of ready-to-eat (RTE) meats 
occurs easily after thermal processing and prior to packaging, particularly during 
slicing and packaging processes (Wang and Muriana, 1994). 
Ingredients such as lactate and diacetate in meat products have been well-
established as an effective means of microbial control (Jensen et al., 2003) of 
spoilage organisms, and of pathogens such as S. enterica Typhimurium, and L. 
monocytogenes (Mbandi and Shelef, 2002). The meat industry is currently utilizing 
these compounds as sodium or potassium salts in fresh meat products such as 
moisture-enhanced pork, and for processed, ready-to-eat (RTE) meat products such 
as frankfurters and hams. 
Carbon dioxide in modified atmosphere packaging at high concentrations (90-
100%) can be an effective spoilage inhibitor when the initial number of 
microorganisms is relatively low (Krause et al., 2003) but pathogens may survive 
and grow in these same atmospheres. A 100% C02 atmosphere provided an 8 day 
lag phase for Listeria monocytogenes growth, which reached almost a 4-log 
increase in 45 days at 5°C on cold-smoked salmon {Nilsoon et al., 1997). Despite 
the potential advantage of improved microbial control, carbon dioxide above 40% in 
MAP for fresh meat has been limited due to brown discoloration of the meat surfaces 
(Sebranek, 1985). To counter this problem; it has been shown that adding carbon 
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monoxide as a component of the MAP system can be effective for color retention 
(Sorheim et al., 1997; Krause et al., 2003) and allows use of elevated concentrations 
of carbon dioxide. Carbon monoxide use has been limited in the past due to 
concern about the toxic nature of the gas. Gas mixtures containing less than 1 % 
carbon monoxide, however, are not considered a risk (Sorheim et al., 1997). At the 
same time, low levels of carbon monoxide (<1%) incorporated into modified 
atmosphere packaging have been shown to maintain a stable, cherry-red color along 
with extended shelf-life of fresh meat (Sorheim et al., 1997). Carbon monoxide 
combined with carbon dioxide concentrations as high as 60% produced a bright red 
color of beef and pork for 21 days of storage (Sorheim et al., 1999) 
Modified atmosphere packaging and the addition of antimicrobials have each 
become a means of extending the shelf-life and safety of food products (Wederquist 
et al., 1994; Dixon and Kell, 1989) and if used in combination, may be even more 
effective. Consequently, the first objective of this study was to determine the. 
effectiveness of combining inhibitory ingredients (lactate and diacetate) with a high 
carbon dioxide atmosphere in MAP for reduction of the initial number of selected 
pathogens, and to assess the long term effects of these treatments for the 
suppression of growth of pathogen survivors on pork products stored at 4°C and 
10°C. This study will thus provide new information on the potential for combining 
inhibitory ingredients with modified atmosphere packaging containing high levels of 
carbon dioxide for improved control of microbial pathogens. A second objective of 
this study was to monitor product attribute changes including pH, purge, lipid 
oxidation, and color that could be affected by the antimicrobial treatments. 
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Materials and Methods 
Experimental design 
Two packaging treatments, modified atmosphere packaging (MAP) and 
vacuum packaging (VP) were each used alone or in combination with the organic 
acid salts, potassium lactate and sodium diacetate (PLSD), for pork chops and 
sliced ham. Pork chops and ham slices were inoculated with a 5-strain cocktail of S. 
enterica Typhimurium or L. monocytogenes, respectively, and stored at either 4°C or 
10°C. Each treatment included an un-inoculated control for comparison of quality 
effects on each product. 
Sample preparation 
Pork chops. Fresh, boneless pork loins were purchased from a local supplier 
and kept refrigerated (0 °C - 2 °C) until used. A total of 30 pork loins were included 
for each of the three replications of the experiment. Loins were randomly assigned 
to two groups of 15 each. One group of 15 was injected with a conventional salt-
phosphate brine typical for moisture-enhanced fresh pork products. The other group 
of 15 loins were injected with the same salt-phosphate brine, but including 
potassium lactate and sodium diacetate. The two brines were composed of either 
2.2% sodium chloride and 3.1 % sodium tripolyphosphate, or 2.2% sodium chloride, 
3.1 % sodium tripolyphosphate, 20.8% potassium lactate, and 2.2% sodium 
diacetate. The balance of each brine was water. A Townsend Model P192-270 
injector (Townsend Eng., Des Moines, IA, U.S.A.) was used to inject all the loins to 
a target of 113% of initial green weight. Next, the loins were vacuum-tumbled with a 
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Higashimoto Model MA 100 vacuum tumbler (Higashimoto Kikai Co., Ltd., 1149 
Mikadani Yamazoe, Nara, Japan) continuously for one hour at 15 
revolutions/minute. If 113% pump was not achieved in the injection process, then 
brine was added to the tumbler to achieve the desired brine addition. The final 
concentration of added ingredients in the pork chops was 0.3% sodium chloride, 
0.4% sodium tripolyphosphate, 2.4% potassium lactate, and 0.25% sodium 
diacetate. Following the tumbling step, loins were sliced into 2.5-cm thick chops. 
Hams. Fresh ham muscles were obtained from the Iowa State University 
Meat Laboratory (Ames, IA., U.S.A.). The ham muscles were trimmed free of 
external fat and ground (Biro MFG Co. Marblehead, OH., U.S.A.) using a 2.54 cm 
plate. The resulting fresh ham pieces were then mixed together and portions 
randomly assigned by weight to achieve 2 separate meat blocks. The separate 
meat blocks were then transferred to vacuum tumblers (DVTS Model 50, Daniels 
Food Equip. Inc., Parkers Prairie, MN., U.S.A.) and curing brine was added to 
achieve 125% of initial weight of the ham. - Two curing brines were used; one 
consisted of 11 % sodium chloride, 6.6% sucrose, 2.2% sodium tripolyphosphate, 
0.295% sodium erythorbate, and 0.08% sodium nitrite; the other brine was 
composed of 12% potassium lactate, 11 % sodium chloride, 6.6% sucrose, 2.2% 
sodium tripolyphosphate, 1.3% sodium diacetate, 0.295% sodium erythorbate, and 
0.08% sodium nitrite. As for the pork chops, the balance of each brine was water. 
Concentrations of curing ingredients in the hams final concentrations of added 
ingredients in the hams was 2.4% sodium chloride, 0.4% sodium tripolyphosphate, 
2.4% potassium lactate, 0.25% sodium diacetate, 1.3% sucrose, 550 mg/kg sodium 
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erythorbate and 156 mg/kg sodium nitrite. Each curing brine (6 in total) was mixed 
individually. After curing brine addition, the ham mixtures were tumbled under 
vacuum for 2 hours to achieve adequate protein extraction, and were then held 
overnight in a cooler at 2-4°C. The next morning, meat mixtures were transferred to 
a rotary-vane vacuum-filling machine (Risco SPA, Thiene, Italy) and stuffed into 4.8 
cm diameter permeable fibrous casing (Teepack LLC., Lisle, IL., U.S.A.). After 
stuffing, the product was transferred to a single smoke truck, smoked and cooked to 
internal temperature of 73°C in a thermal processing oven (Maurer AG, Reichenau, 
Germany). After thermal processing, hams were chilled for 12 hours at 2-4°C. The 
intact hams were removed from casings, sliced (Bzerba Model SE 120 Slicer, 
Bizerba GmbH & Co. KG., Balingen, Germany) to a 3.18 mm thickness and 
packaged as individual slices. 
Inoculation and packaging 
The pork chops were inoculated with - 104 CFU/g of a 5-strain cocktail of 
Salmonella enterica Typhimurium (ATCC strain 14028, 3 different DT104 strains, 
and a product isolate). The S. enterica Typhimurium cultures were individually 
grown in 10 ml of trypticase soy broth (TSB broth) (Difeo, Becton Dickinson and 
Company, Sparks, MD) at 35°C for 24 hours followed by a 1 ml culture transfer into 
9 ml of TSB broth and incubation at 35°C for 24 hours. Then, 1 ml of culture from 
each individual strain was combined to give a 5-ml mixed culture of S. enterica 
Typhimurium. Two ml of the cultured mixture was transferred to 98-ml of peptone 
water to result in a inoculum concentration appropriate to achieve 4 log CFU/g on 
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the chops. Following the same procedure, L. monocytogenes cultures (serotype 
1/28 (FSIS product isolate), serotype 48 (scott A), serotype 4A (potato SKA), 
serotype 3A (KC), and serotype 4c (ATCC)) were individually grown in 10 ml of 
trypticase soy broth containing 0.6% yeast extract (TSB-YE broth) (Difeo, Becton 
Dickinson and Company, Sparks, MD). Cultures were then combined as described 
for the S. Typhimurium cultures before inoculation of - 106 CFU/g on the ham slices. 
Chops and ham slices were surface-inoculated by adding 1 ml of inoculum 
per sample. After inoculation, the packages were hand-massaged 5-10 seconds to 
evenly distribute the 5-strain mixture of inoculum on the surface of each sample, and 
randomly assigned to one of two packaging treatments, either vacuum-packaging or 
modified atmosphere packaging. The MAP gases were composed of 99.5% carbon 
dioxide and 0.5% carbon monoxide for pork chops and 100% carbon dioxide for 
sliced ham. The chops that were to be vacuum-packaged were placed individually 
in high-barrier pouches (oxygen transmission rate of 3-6 cc/m2/24 hr at 1 atm, 4.4°C, 
and 0% RH, and a water vapor transmission rate of 0.5-0.6 g/645 cm2/24 hr and 
100% RH) prior to inoculation (Cryovac Division W.R. Grace Co., Duncan S.C., 
U.S.A.); and sealed using a Multivac vacuum-packaging machine (Multivac Model 
A6800 vacuum packager, Multivac Inc., Kansas City, MO., U.S.A.). Modified 
atmosphere packaging was accomplished by placing individual chops in the same 
high-barrier pouches as used for the vacuum-packaged chops. Packaging was 
completed using the Multivac vacuum-packaging machine by first applying vacuum, 
then flushing the package with the desired gas mixture and finally heat-sealing the 
pouch with the gas inside. Gas atmospheres were achieved by purchasing cylinders 
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of compressed gases that were mixed in the desired ratios. After packaging, chops 
were stored at randomly assigned temperatures (4°C or 10°C) for 14-18 hours 
before sampling. 
Microbiological analysis 
Packages with pork chops were aseptically opened, using sterile scissors. A 
4x4 section of the pork chop surface was removed with a sterile knife and tweezers. 
The pork chop sections were homogenized (Seward stomacher blender, Model 
4000, Tekmar™ Co., Cincinnati, OH) for one minute in sterile stomacher bags 
(Whirl-Pak Filter Bag B01318, A Nasca, FT. Atkinson, WI) with 20 ml of 0.1 % sterile 
peptone water. S. Typhimurium was enumerated with a spiral plater (Model D, 
Spiral Systems, Cincinnati, OH. U.S.A) on Xylose Lysine Desoxycholate (XLD) agar. 
Ham slices were prepared in similar manner except that entire ham slices were 
homogenized and enumerated on Modified Oxford (MOX) agar. Incubation of all 
plates was at 35°C for 24 hours. Typical colonies were enumerated weekly at both 
temperatures. 
Physical and chemical analyses 
Measurements of color, purge, pH and lipid oxidation (TBA) were conducted 
on uninoculated samples which were stored at 4°C under a continuous 1000 lux of 
cool white fluorescent lighting. Color (L *a*b*) measurements of the surface of the 
pork chops were made using a HunterLab LabScan instrument (Model LS, 1500, 
Hunter Associated Laboratories Inc., Reston, VA., U.S.A). The Hunterlab Labscan 
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colorimeter was standardized using the same packaging material as used on the 
samples, placed over the white standard tile. Values for the white standard tile were 
X=81.72, Y=86.60 and Z=91.46. Illuminate A and 10° observer light source 
(representing tungsten light@ 2854K) with a 2.54 cm viewing area and 3.05 cm port 
size was used to analyze the pork chop and ham samples Three readings were 
taken on random locations for each chop and ham slice for each treatment. 
Package purge was measured by first weighing an unopened package. The 
package was then opened, and the product and packaging material were blotted dry 
with paper towels and reweighed to determine weight loss. The weight difference 
was calculated as purge and expressed as a percentage of unpacked product 
weight (Bloukas et al., 1997). 
The pH of the products was determined by blending the samples with water in 
a 1 :9 ratio, then measuring the pH with a pH/ion meter (Accumet 925: Fisher 
Scientific, Fair Lawn, NJ., U.S.A.) equipped with a pH electrode (Accumet Flat 
Surface Epoxy Body Ag/AgCI Combination Electrode Model 13-620-289, Fisher 
Scientific, Fair Lawn, NJ., U.S.A.) according to the method of Sebranek and others 
(2001 ). 
Oxidative rancidity was determined using the 2-thiobarbituric (TBA) procedure 
of Tarladigis and others (1960) for the pork chops. The procedure was modified 
according to Zipser and Watts (1962) for the sliced ham. The TSARS values were 
reported as milligrams of malonaldehyde equivalents/kg of meat sample. 
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Sensory evaluation 
Product quality characteristics were assessed by a sensory panel using un-
inoculated samples. A twelve-member panel of students, staff and faculty at Iowa 
State University was trained to evaluate the sensory attributes of the pork chops and 
ham slices. Panelists were familiarized with the attributes to be evaluated and the 
computer software scoring system while learning the testing techniques to be used 
during the evaluation process. Three-digit numbers were assigned randomly to 
each treatment sample and panelists evaluated samples using a line scale (1-15 
units), with descriptors representing low intensity at the left and high intensity at the 
right for each attribute evaluated. 
Color of the pork chops was evaluated by observing the chops in the original 
packages on white polyfoam trays while under white fluorescent lights. Color was 
assessed prior to opening the packages (Kotzekidou and Bloukas, 1996). After the 
color evaluation was completed, panelist's evaluated raw pork chops for odor (park-
like to vinegar-like) by cutting open each package approximately one inch from the 
sample and immediately sniffing the package opening. For cooked product 
evaluation, chops were grilled on a George Foreman Indoor/Outdoor Grill (Model 
GGR62, Lake Forest, IL) to an internal temperature of 68°C. The cooked pork chops 
were cut into one .. inch cubes and served in a pre-heated, covered, glass Petri dish 
labeled with a random three-digit code. The samples were evaluated for vinegar-like 
aroma (none-intense), tenderness (not tender-very tender), juiciness (not juicy-very 
juicy), pork flavor (none-intense), saltiness (none..:intense) and sourness (none-
intense). 
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Ham slices were presented to the panelists in similar manner as the pork 
chops except that panelists were not asked to assess color, and ham slices were not 
heated. Panelists evaluated cold ham slices for odor (none-intense), sour-like 
aroma (none-intense), firmness (not firm-very firm), ham flavor (none-intense), 
sourness (none-intense), and saltiness (none-intense). 
Sensory data was collected by using a computerized sensory data collection 
system (COMPUSENSE five, V 4.4, Compusense, Inc., Guelph, Ontario, Canada 
N 1 H3N4 ). All sensory evaluations were conducted 7 days after processing and 
packaging. 
Statistical analysis 
The experiment was conducted three times over an eighteen-month period 
with a 2x2x2x2 factorial design (packaging x antimicrobial x pathogen x 
temperature) .. All data were compiled and statistically analyzed using the general 
linear model (GLM) procedure provided by the Statistical Analysis System (1999-
2001, Version 8.2, SAS Institute Inc., Cary, NC., U.S.A.). The main effects were 
treatment and replication. Microbial data was transformed by log transformation to 
account for the exponential growth rates of bacteria. Comparison means were 
based on Tukey's range test for significant differences. Differences were reported 
as significant (P<0.05) or highly significant as (P<0.01 ). For sensory evaluations, 
the first two replications of the experiment were used. PROC MIXED (SAS, v 8.1) 
was used to fit a mixed effects model for each of the sensory attributes under 
investigation. Subject effects were fitted as random and treatment effects as fixed. 
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When treatment effects were significant (p<0.05), means were separated by using 
T ukey' s test. 
Results 
Effect of treatments on pathogens 
Salmonella enterica Typhimurium. The growth of S. enterica Typhimurium 
on inoculated pork chops at 4°C is depicted in figure 1. S. enterica Typhimurium 
numbers (log CFU/g) for each treatment were measured once per week for a five 
week period. The initial concentration of S. enterica Typhimurium on the inoculated 
pork chops was about 4 log (3.7- 4.04) CFU/g. Storage of pork chops at 4°C 
effectively slowed the overall growth of S. enterica Typhimurium in all treatments. S. 
enterica Typhimurium growth at 4°C on pork chops did not increase for the first 14 
days for any of the treatments. The VP/PLSD and MAP treatments were 
significantly lower (P<0.05) than the control (VP) treatment at day 21, and the 
pathogen numbers were lower (P<0.05) at 28 days for both the MAP and the two 
antimicrobial treatments compared with the control (VP). The least squares means 
pooled over time, table 1, indicate that the control treatment (VP) at 4°C was higher 
(P<0.05) overall for S. enterica Typhimurium counts than the VP/PLSD and MAP 
treatments but was not different from the MAP/PLSD treatment. At 35 days of 
storage treatments were not different because there was relatively little change 
during storage from the approximately 4 log CFU/g, these results suggest that S. 
enterica Typhimurium growth is inhibited at 4°C. These results are consistent with 
reports from other researchers. If the temperature of meat and meat products is 
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kept sufficiently low (i.e. below 6°C) during storage, growth of Salmonella can be 
kept to a minimum (Lo Fo Wong et al., 2002; USFDA, 2001 ). Further, if growth of 
this pathogen would occur at lower temperatures, such as 4°C, it would be expected 
to be very slow. These results are similar to Dyke et al., (2001) who reported that at 
4°C populations of E. coli 0157:H7, S. enterica Typhimurium and S. brandenberg 
were maintained relatively constant during preservative packaging of beef under 
both vacuum and 100% carbon dioxide. Viana et al, (2005), on the other hand, 
reported that 100% or 99% C02 and 100% CO slowed the growth of Pseudomonas 
growth when compared 100% 02 when stored at 4°C. 
Pork chops in MAP or with antimicrobial treatments that were stored at 1 OOC 
(figure 2) resulted in less S. enterica Typhimurium growth than the VP treatment. At 
day 7, the MAP treatment was lower than VP and after day 14 both addition of 
antimicrobials, MAP or the combination of treatments of pork chops all effectively 
reduced the number of S. enterica Typhimurium for the remainder of the storage 
period when compared to controls (VP). The overall least square means (table 1) 
for Salmonella growth pooled over time show that all three treatments had 
significantly less growth than the control group. Consequently, the carbon dioxide 
atmosphere prevented Salmonella growth at 10°C as did the addition of potassium 
lactate and sodium diacetate. Gill and Delacy ( 1991 ), reported that S. enterica 
Typhimurium and E. coli, inoculated on high-pH (>6.0) beef samples packaged in 
C02, did not grow at temperatures of 9°C (E. colt) or 11°C (Salmonella). It is clear 
from figure 2 that there was no difference (P>0.05) between the treatments with 
MAP and/or antimicrobials during storage, which suggests that the combination of 
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MAP with the antimicrobials did not enhance the effectiveness of either treatment 
alone. Jakobsen and Bertelsen (2005), reported that the solubility of C02 in meat 
samples decreased with increasing temperature, which might explain why the MAP 
did not enhance the effectiveness of antimicrobials. 
Listeria monocytogenes. L. monocytogenes numbers (log CFU/g) on ham 
slices stored at 4°C following each treatment were measured once per week for an 
eight week period (figure 3). The initial concentration of L. monocytogenes on the 
ham slices was about 5.4 logs (5.31-5.59) CFU/g. L. monocytogenes growth at 4°C 
on ham slices did not occur for the first 28 days in any of the treatments. After 28 
days, the VP/PLSD treatment resulted lower numbers of L. monocytogenes than the 
other treatments for the remainder of the storage period. The VP/PLSD treatment 
was significantly lower than VP at day 35, lower than all the treatments (VP, MAP, 
and MAP/PLSD) on days 42 and 49 and lower than VP at day 56. Overall least 
squares means (table 2) of L. monocytogenes growth at 4°C pooled over the storage 
time suggest that VP/PLSD significantly slowed growth compared to the other 
treatments. While it appears that potassium lactate and sodium diacetate inhibited 
L. monocytogenes in the vacuum-packaged hams, this was not observed for the 
MAP treatment. 
The growth of L. monocytogenes on inoculated ham slices at 10°C was 
inhibited for 5 days with all treatments (figure 4). The addition of antimicrobials and 
MAP, alone or in combination, continued to effectively inhibit (P<0.05) the growth of 
L. monocytogenes for the remainder of the 35-day storage period when compared to 
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control (VP). Thus, the use of either treatment (MAP or antimicrobials) provided 
protection from L. monocytogenes growth on sliced ham at 10°C. The combination of 
MAP with antimicrobials was not different from either of the two treatments alone. 
Islam et al. (2002) and Singh and others (2005) reported that storage temperature is 
more important in retarding the growth of listeriae than the growth-repressive effect 
of preservatives. High levels of C02 have been reported to be an important 
bacteriostatic agent that can extend the shelf life of meats packaged under modified 
atmosphere conditions (Farber, 1991; Labadie, 1999). Hendricks and Hotchkiss 
(1997), reported that increasing C02 (0-80%) lengthened the lag phase and 
decreased the growth of L. monocytogenes in buffered nutrient broth stored at 
7.5°C. While the C02 atmosphere was similar in effectiveness to potassium lactate 
and sodium diacetate in this study, the combination of MAP and antimicrobials was 
no more effective than either treatment alone. 
Quality analyses 
Color measurements. For pork chops, the Hunterlab instrument was used to 
objectively measure the CIE L* (lightness), a* (redness), and b* (yellowness) 
characteristics taken on three random locations of each chop. While L * values 
(figure 5) for the treatments without antimicrobials (MAP and VP) were significantly 
greater (P<0.05) at day 1 than the others, these differences were not sustained 
during storage. Overall, during storage, MAP and VP treatments resulted in greater 
L * values (table 3). The lightness (L*) also increased for all treatments during 
storage. This is consistent with Sorheim et al. (1997), who observed an increase in 
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L * values for the first seven days in packages of pork loin that contained 100% C02. 
Viana et al. (2005), on the other hand, reported that the L * values of pork loins in all 
treatments (100% vacuum, 99%C02/1%CO, 100%CO plus vacuum and 100%02) 
decreased during storage. Viana et al., (2005) suggested that the differences in this 
case could have been due to oxygen permeability of the packages resulting in 
residual amounts of oxygen in the package. The a* (redness) and b* (yellowness) 
values for pork chops in the present study were greatly affected by MAP treatments 
(figure 6 and 7 respectfully). At day 7 and after, the MAP treatments resulted in 
significantly (P<0.05) greater redness (a*) and yellowness (b*) values than vacuum-
packaged chops (VP and VPNP/PLSD) for the remainder of the storage period. The 
vacuum-packaged chops maintained lower a* and b* values than the two modified 
atmosphere treatments (table 3) during the storage period. The a* values results 
are consistent with the findings of Luno et al. (1998, 2000) who reported that a 
minimum of 0.5% CO stabilized red meat color, and with Sorheim et al. (1999) who 
reported high a* values (- 11) for pork chops packaged in low CO mixtures. Krause 
et al. (2003) also reported greater redness (a*) values during storage for the pork 
chops packaged with carbon monoxide. Martinez et al. (2005) reported that 
sausages packaged in 0.3% CO exhibited a stable red color until the end of the 
storage period of 20 days. Jeremiah and Gibson ( 1997) reported that pork 
packaged with 100% C02 had great color stability while Sorheim et al, (1997) 
reported that C02 had no effect upon meat color. However, Gill and Jones (1996) 
and Luno et al, (1998) reported that a major disadvantage of high C02 
concentrations in meat MAP is associated with a certain degree of darkening as a 
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result of metmyoglobin formation especially when low 02 concentrations are present. 
Viana et al, (2005) also verified that loins packaged in 100% C02 showed noticeable 
discoloration. The overall least squares means pooled over time (table 3) indicate 
that the L* values of the treatments without antimicrobials were significantly higher 
than the other treatments (VP/PLSD and MAP/PLSD). While the a* and b* values of 
the two MAP treatments were significantly higher than the two vacuum-packaged 
treatments. 
The lightness values (l*) for sliced ham samples were not affected by the 
different treatments (table 4) or by storage time (P>0.05). The a* and b* values 
were also not affected by the different treatments but storage time was a factor 
affecting the redness and yellowness of ham, (figure 8 and figure 9, respectfully). 
The a* value remained constant over the first 14 days of storage in all samples 
(figure 8) after which those packaged in MAP/PLSD showed a (P<0.05) decrease in 
redness compared to the VP and VP/PLSD treatments. The MAP treatments 
fluctuated too greatly during storage after day 14 to be conclusive. Overall least 
squares means of a* values pooled over time indicate that both VP treatments had 
significantly higher values than the two MAP treatments, while the MAP treatment 
was significantly higher than the MAP/PLSD treatment. The b* values (figure 9) 
remained relatively constant during storage in all samples within the first 28 days, 
I 
with the exception of MAP/PLSD, which decreased (P<0.05) to approximately 6.5. 
The VP/PLSD treatment showed consistently higher b* values, during the entire 
storage period of 56 days compared to the other treatments (MAP, VP, and 
MAP/PLSD). Overall least squares means of b* values over storage time showed 
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that VP/PLSD treatment was higher than the other treatments and MAP treatment 
had lower b* values than MAP/PLSD and VP treatments. Ham cured color fading 
with respect to storage time could have been caused by light exposure (Anderson et 
al., 1988), residual oxygen (Moller et al., 2000), or oxygen transmission rate of the 
package (Lin et al., 1980). 
Rancidity measurements. TBA value is an index of lipid oxidation, and 
indicates rancidity for meat and meat products. All of the pork chops in this study 
started with low TBA values of about 0.13 mg malonaldehyde/kg sample, which 
remained stable for the first seven days of storage and showed no significant 
difference (P>0.05) between samples throughout the storage period (data not 
shown). Overall least square means pooled over time (table 3) indicate that MAP 
(0.174) and MAP/PLSD (0.188) treatments had significantly higher TBA values 
compared to VP (0.131) and VP/PLSD (0.139) treatments. However, all the values 
are well below 1.5, usually cited (Haumann, 1993) as indicator of rancid flavor. 
The overall least squares means for TBA values of the ham slices, shown in 
table 4, were also low ( <0.22), indicating limited lipid oxidation. These TBA values 
remained below 0.5 throughout storage. Overall, there were differences in TBA 
values between the treatments; MAP/PLSD (0.186) and VP (0.192) treatments 
which were lower than MAP (0.217) and VP/PLSD (0.213) treatments (P<0.05). 
Other researchers have reported that high levels of C02 lowered meat pH and might 
be responsible for a higher oxidation rate (Martinez et al., 2005). However, the 
differences in our study were so small that they are of limited practical importance. 
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pH measurements. Addition of organic acid salts significantly decreased the 
pH value for pork chops (table 3) and for ham slices (table 4). The overall least 
square means for pH measurements showed a difference (P<0.05) between pork 
chops injected with potassium lactate and sodium diacetate and the chops that were 
un-injected (table 3). However, there were no significant differences (P>0.05) 
between treatments at any of the sampling days including day 0. MAP resulted in 
pH decline (P<0.05) from day 1 (6.04) to day 35 (5.63). The pork chops injected 
with the antimicrobials (MAP/PLSD and VP/PLSD) maintained a relatively constant 
pH while the treatments without antimicrobials (VP and MAP) declined during the 
storage period (figure 10). The overall least squares means (table 3) over storage 
time indicate that the VP treatment had significantly higher pH than both treatments 
with antimicrobials. The MAP/PLSD treatment was significantly lower than MAP and 
VP treatments. The pH effect in MAP treatments has been related to the absorption 
of C02 by meat, which results in the production of carbonic acid (Dixon and Kell, 
1989). Juncher et al. (2001) and Jakobsen and Bertelsen (2004) reported that 
increasing concentrations of C02 in packages resulted in a lowering of meat pH. 
The initial pH of the ham slices without antimicrobials (VP and MAP) was 6.0, 
while the addition of potassium lactate and sodium diacetate (VP/PLSD and 
MAP/PLSD) significantly lowered the pH to 5.85 (figure 11 ). This difference 
remained consistent throughout the entire storage period. Similar effects were 
reported by Mbandi and Shelef (2002), when using diacetate in bologna. These 
authors observed a slow decrease in pH in all samples during storage until day 28 
after which a slow increase then occurred until the end of the storage period of 60 
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days. Overall least squares mean values of pH indicate that all treatments were 
significantly different from each other (table 4). VP/PLSD and MAP/PLSD 
treatments resulted in lower pH's compared to the other treatments. Samelis et al. 
(2001) and Islam et al. (2002) also reported that sodium diacetate resulted in a 
decrease of the pH of frankfurters and bologna. 
Purge measurements. Purge loss measurements (figure 12) for pork chops 
over time showed that MAP resulted in a (P<0.05) increase in the purge loss 
compared with the other three treatments of pork chops (table 3). The MAP/PLSD 
treatment was not different from the vacuum treatments for purge, though the values 
tended to be slightly higher than either of the VP treatments. The antimicrobials 
seemed to improve the water retention of the pork chops which may be attributed to 
the potassium lactate. A high level of C02 in MAP resulting in increased purge from 
pork chops has been reported by Krause et al. (2003). Sorheim et al. (2004) 
demonstrated that beef patties made from meat stored in 60% C02 concentrations 
had {P<0.05) increased patty cooking losses. C02 can lower the pH of meat even 
though meat is a relatively strong buffer system (Sorheim et al., 2004). Honikel et 
al., (1981) reported that C02 exposure to meat reduces the pH, which will negatively 
affect the cooking yield. These results were verified by Sorheim et al., (2004) who 
reported ground beef stored in atmospheres containing 20-100% C02, had higher 
cooking losses compared to meat stored in 100% N2 and vacuum. These authors 
also concluded that the increase of cooking losses was from a pH decrease of the 
raw meat and the formation of small pores and microstructual change upon heating, 
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due to C02 exposure. Thus, high C02 atmospheres for fresh meat may be 
conducive to greater product purge losses. 
Ham slices showed the least purge (P<0.05) in VP slices during storage 
compared to the other three treatments which were not significantly different from 
each other (figure 13). In this case, the MAP treatment was not significantly different 
from the two treatments with antimicrobials (table 4). Alkaline phosphates are 
incorporated in many curing mixtures to increase pH (Prusa and Kregel, 1985) 
therefore, increasing water-binding potential, which is an important economic and 
quality factor in processed meat products (Houser, 2004). However, it appears that 
in cured ham, one of the effects of MAP with high C02 is increased purge, 
regardless of the addition of phosphates and other binders. 
Sensory analysis 
Raw pork chop measurements. Sensory characteristics were measured 
using a 12-member trained panel. The measurements utilized a 15 point line scale. 
The MAP treatments resulted in dramatically higher scores for pink color (table 5). 
Further, MAP alone was higher for pink color score than the MAP/PLSD treatment. 
The high sensory color score for the MAP treatments is supported by the high a* 
values discussed earlier. Similarly, the VP and VP/PLSD treatments resulted in 
reduced redness and greater brown color (P<0.05). Raw pork odor was greater in 
the treatments that were not injected with antimicrobials than in those with 
potassium lactate and sodium diacetate. The antimicrobial treatments resulted in 
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increased vinegar-like odor. The vinegar-like odor probably originated from sodium 
diacetate, which is made from acetic acid. 
Cooked pork chop measurement. A vinegar-like odor was also observed 
after the pork chops were cooked and was (P<0.05) more intense in the MAP/PLSD 
combination than the MAP treatment, but was not different for the two vacuum-
packaged treatments (table 6). Tenderness after being cooked was (P<0.05) less 
for chops from the MAP treatment than for the VP treatment. Differences in 
tenderness could be related, at least in part, to the increase of purge from high 
carbon dioxide packaging and the reduced water content of those chops. However, 
there were no differences between the VP/PLSD and MAP/PLSD treatments for 
tenderness. Further, there were no significant differences (P>0.05) in juiciness, pork 
flavor, saltiness, and sourness after the pork chops had been cooked. 
Sliced ham measurement. For ham slices, a sour-like aroma was observed 
in the treatments injected with lactate and diacetate (P<0.05), while ham slices 
without the antimicrobials had greater ham aroma (table 7). The treatments with 
antimicrobials also resulted in significantly increased sourness. Islam et al (2002) 
also observed a sour flavor for frankfurters with sodium diacetate treatments. The 
combination of antimicrobials and high levels of carbon dioxide resulted in greater 
sourness and less ham flavor than the rest of the treatments. The PLSD treatments 
also resulted in increased saltiness which was not unexpected because of the 
sodium included in the treatment as sodium diacetate. 
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Conclusions 
The results of this study show that high levels of carbon dioxide in a modified 
atmosphere package, addition of potassium lactate and sodium diacetate, or the 
combination of both MAP and antimicrobials will effectively inhibit S. Typhimurium 
and L. monocytogenes in temperature-abused products (10°C). The growth of S. 
Typhimurium and L. monocytogenes when stored at 4°C was minimal, thus low 
temperature was the primary inhibitory factor under those conditions. When using 
high levels of carbon dioxide, carbon monoxide was effective for prolonging fresh 
pork color. MAP greatly improved the a* (redness) of the fresh pork chops and 
would provide an effective means of maintaining attractive color while incorporating 
other treatments for microbial control that might otherwise negatively affect color. 
The results, however, also indicated that high levels of carbon dioxide may increase 
purge loss for pork chops. Sensory characteristics of both pork chops and ham 
were affected by the sodium diacetate which caused a vinegar-like aroma and flavor. 
More research is recommended to find treatment combinations with sodium 
diacetate that will minimize the quality changes observed for pork products while 
retaining the antimicrobial effectiveness of this ingredient. The use of high levels of 
carbon dioxide in MAP or the lactate and diacetate combination were equally 
effective as independent treatments for inhibiting growth of these food-borne 
pathogens at 10°C. While either MAP with a high carbon dioxide concentration or 
addition of potassium lactate I sodium diacetate will inhibit S. Typhimurium and L. 
monocytogenes in temperature-abused products, the combination of MAP and the 
74 
antimicrobials did not enhance the effectiveness of either treatment under the 
conditions used in this study. 
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CHAPTER 4. GENERAL CONCLUSIONS 
The safety and quality of products in the retail food market have become 
more and more important. For fresh raw meat sold, the main features are a long 
microbial shelf life and a stable, bright-red color. Many consumers regard the bright-
red appearance of meat as an indicator of freshness. To obtain these features it is 
crucial to hold the meat at a continuous low temperature. The color of the packaged 
meat is the decisive factor at the point of purchase. For ready-to-eat meat sold, the 
main concern is cross-contamination because the product is usually not heated 
before consumption. 
The use of high levels of carbon dioxide in a packaging system has the ability 
to inhibit the growth of foodborne pathogens on pork products that have possibly 
been temperature-abused. In this study the use of high levels of carbon dioxide in 
MAP or the lactate and diacetate combination were equally effective as independent 
treatments for inhibiting growth of these food-borne pathogens. While either MAP 
with a high carbon dioxide concentration or addition of potassium lactate I sodium 
diacetate will inhibit S. Typhimurium and L. monocytogenes in temperature-abused 
products, the combination of MAP and the antimicrobials did not enhance the 
effectiveness of either treatment. The use of carbon monoxide in low-levels in the 
packaging system has the ability to extend the overall shelf-life of fresh pork that is 
packaged in high levels of carbon dioxide. Carbon monoxide produced a stable 
bright-red product when compared to the vacuum-packaged treatments. Spoilage 
was masked by the extended color stability of fresh pork cause by carbon monoxide 
used in packaging; however, off-odors can still be used as an indicator of spoiled 
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meat stored in atmospheres containing carbon monoxide. These high levels used in 
packaging, did, however have an expected negative effect on the purge values (%) 
for both pork chops and ham. There were also detrimental effects on product flavor 
in this study when antimicrobial treatments were compared with non-antimicrobial 
treatments. Sensory analysis indicated that the addition of sodium diacetate 
changed the flavor properties of the pork chops and ham. The production of a 
vinegar-off flavor increase as a result from the sodium diacetate treatment. It also 
indicated that low-levels of carbon monoxide in fresh pork chops increased the 
reddish pink color compared to the vacuum packaged treatments. 
The vinegar-like aroma and flavor from the sodium diacetate may not be 
accepted by the consumer, but an alternative may be packaging with carbon dioxide 
and carbon monoxide which has the same inhibition effects. 
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